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By F. B. GLIStAfSOIlandtier D. Crim

SUMMARY

Flighttestshavebeenconductedintwosingle-rotorhelicopters
to determinetheloadfactorsduetomaneuvers.Someadditionalinfor-
mationhasalsobeenobtainedfrmnmilitarypilottrainingandcommer-
cialair-mailoperationswithhelicopters.

Loadfactorsoftheorderof Z’.>werefoundtobe attainableby
severaldifferentdeliberatemaneuvers,andthisssmevaluewasalso
approachedunderactualoperatingconditions.Thelargestflightloads,
as a group,resultedfrompull-upsinwhichbothcyclic-andcollective-
pitchcontrolwereappliedwithsuitablephasing.

Theassmptionthatflightloadfactorsarelimitedtothevalue
thatwouldbe computedby assmningallbladesectionstobe operating
atmaxhumliftcoefficientagreedwellwithflight-testresults.This
assumptionthusprovidesa convenientmethodof estimating,fornew
designs,themaximumobtainableloadfactorsforanygivenflight
condition.

Itisconcludedthathigherspeedhelicoptersandunorthodoxcon-
figurationsmaybe subjectedto loadfactorsmateriallyhigherthanthose
experiencedby currenttypes.

INTRODUCTION

Themsximumloadsattainableinflightarean importantfactorin
theefficientdesignandsafeoperationofhelicopters,andavailable
evidenceindicatesthatsuchloadswillbe increasedfornewermodels
capableofhigherforwardspeeds.Thepossibilityalsoexiststhatsome
specializedload-liftertypesmightexperiencea decreaseinsuchloads.
Itisof interest,therefore,todeterminethelsrgestloadfactors
actuallyreachedwithcurrenttypesandto correlatetheseresultsina
mannerpermittingexaminationoffuturepossibilities.

. ..—_______ _ ..— — ..—
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Flighttestsforthepurposeof determiningtheloadfactors
resultingfromvariouEmaneuvershavebeenconductedjointlyby the
CivilAeronauticsAdmlnistmtionandtheNktionalAdvisoryCmmuittee
forAeronautics.Twodifferentsingle-rotorhelicopterswereusedfor
thetests.Thef~ghtsweremadeby CAApilots;thehelicopterswere
htrmented, maintained,andoperatedattheIangleyAeronauticalLabo-
ratoryoftheWA; andtheplanningofthetestsandevaluationof
resultswereMndledjointlyby thetwoorganizations.Additionaldata
havebeenobtained,uuderactualoperatingconditions,bymeansofNACA
helicopterVGHrecordersplacedinrotating-wingaircraftusedformill-
- Pfi~ t~ti =d c~rci~ ah-mailoperations.Somerelated
informationisalsoavailablefrcunNACAflyhg-qualitiesstudiesofsev-
eraldifferenthelicopters,oneofwhichwasa tandemmodel.The
resultsarehereinanalyzedandcomparedwitha simpletheoretical
methodofpredictingthe~ loadfactorthatcanbe attainedfor
a givenflightcondition.
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DESC!FUFI’IONOFHELICOHXRSANDTESTMANEUWW

Altho@ someinformationisutilizedfromflighttestsmadewith
otherWlicoptirs>theresultsreportedhereinareprimarilyfrcxntwo
seriesoftests.b eachseries,a givenhelicopterwasputthrough
specificmaneuverswhereintheseverityofthemaneuverwasprogressively
increasedby increasingthemagnitudeof thecontroldeflection,the
rateofdeflection,orthethe thedeflectionwasheld.

__— —.
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DescriptionofHelicopters

Thetwohelicopters(showninfigs.1 and2)usedforthef~$ht
testsaretwo-placeutility-typeaircraft,andbothme consideredto
be reasonablyrepresentativeof currentpracticewithrespecttothe
majorfactorsexpectedtoaffecttheobtainablemaneuverloads.M
particular,bothoperateata valueoftherotor-blademeanliftcoef-
ficient62 ofabout0.45, althoughat differentvaluesofthrustcoef-
ficientCT. w significsmceofthisparmeter 52 withrespectto
loadfactorsis discussedsubsequentlyinthisreport,andtherektion-
sbipbetweenEl ~d CT isdiscussedintheappendix.

A cmnparisonofthetwohelicoptersis showninthefollowing
table:

EWAcopter
Characteristic

A B

Rotorsolidity,a . . . . . . . 0.033 0.06

Rotor-blAetipspeed,fps . . . 613 487

Nmnberofbladesjb. . . . . . 2 3

Rotor-bladehinge
arrangement. . . . . . . . . See-saw;bladesrigidlyEachblade

interconnectedwith hasflap-
Calmlonflappm hinge pill$and

andno draghingesdraghinges

Approximaterotor-blade -..
mssconstant,y.. . . . . 5 I-2

HelicopterA wasflownata grossweightofapproximately
2,050poundsandhelicopterB, ata grossweightofabout2,500pounds.

ManeuversPerfomned

Themaneuversperformedincludethefollowing:

(1)Jmp take-offs,inwhichtherateofcollective-pitchchange
wasvaried.“Jump~e-off” asusedhereinmeansa take-offinwhich
collectivepitchisincreasedata highenoughrateto convertstored
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ener~ intherotorintotemporaryaddedthrust.Therotorisusually
overspeededatlowormoderatepitchjustpriorto sucha t&e-off.

(2)Collective-pitchpull-upsatvariousairspeedsinbothpowered
andautorotativeflight.

(5)@cMc-pitchpti-qs atvariousairspeedsinbothpoweredand
autorotativeflight.

(4) Combinedcyclic-andcollective-pitchpull-upsinwhichdiffer-
entcmibinationsandphasingofcyclic-andcollective-pitchcontrol
wereused.

Recordsofnormalacceleration,airspeed,altitude,andcontrol
positionwereobtainedbymeansofstandardNACArecordinginstruments.

Theaccelerationvalues,@ven wereobtainedby fairingthroughthe
middleofthevibratory“hash.”Thisfairingis donebecausethefle=-
billtyoftheseaircraftistoogreatformotionsat thisfreqpency
(about10 cyclespersecond)tobe construedasmotionsoftheentire
massofthehelicopter.Thetypicalamplitudeofthishashwasapproxi-
mately*0”.25g.

RESULTSANDDISCUSSION

Themaxhumloadfactors(accelerometerreadings)andcorresponding
r maneuversandflightconditiomofhelicoptersA smdB arelistedin

tableI. ThelargestvalueofaccelerationrecordedforhelicopterA
was2.68g,obtainedduringa combinedcyclic-andcollective-pitch

. pull-upfr~ autorotation.ThelargestloadfactorforhelicopterB
Was2.50,incurredduringa cyclic-andcollective-pitchpull-qfrom
levelflight.

Loadfactorsinmaneuversareinfluencednotonlyby themagnitude
ofcontroldisplacement,butalsoby therateatwhichthecontrolis
applied.Figure3 showstheeffectofvaryingtherateofcollective-
pitchchangeduringjumptake-offsinwhichfulltravelofthecontrol
wasused. Infigure4,theresultsofvaryingtheamountofcollective
pitchappliedata nearlyconstantrate(400persecond)arepresented
fora rangeofairspeed.Figure~ illustratestheeffectofvarying,
by suddenlydisplacingandholdingthecontrol,thesnmuntoflongi-
tudinalcyclicpitchatvariousairspeeds.

Aspartofa generalinvestigationofhelicopterflightloadsunder
actualoperatingconditions,theWA hasalsoobtaineda limitedamount
of dataonmilitarypilottrainiqgandcommercialair-mailtransport.

.

.-—. — —-—~—
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factorsrecordedthusfarfromtheseoperationshave
factorof1.88fortheair-mailcarriersanda maneuver

loadfa&or (landingflarefroman autorotativeapproach)of2.4forthe
pilottrainingprogram(incrementalaccelerationsof0.88gand1.4g,
respectively).Greaterssmplingmaybe expectedtoproducelarger
values. Thehelicoptersfromwhichthesedatawereobtainedaresimilar
tothoseofthepresentinvestigation.

MeansofAttainingl@dnmmFlightLoads

BESiCmethods.-MaueuverloadsarebasicaUyproducedeitherby
cyclic-pitchchangeswhichchangetherotorangleofattackorby sudden
collective-pitchchanges.Figures6 anti7, respectively,i~ustrate
theseCYCMC-andcollective-pitchmaneuversforthreedifferentheli-
copters.Theresponseofthehelicopterisfundamentallydifferentfor
thetwomethodsofcontrol.Forcyclic-pitchchanges,themajorpartof
thethrustchangedevelopsasa resultofangle-of-attackchangeofthe
aircraftand,becauseoffuselagepitchinginertia,appreciabletime
(usually2or3 seconds)isneededtoreachthe~ value.For
collective-pitchincrease,thrustchangeresultstiectlyfrcmincreased
bladePitch,withnoperceptibledelay,md thenhnediatelybeginsto
dropoffowingtothechangeofverticalvelocityofthehelicopterand
thecorresponMngreductionofbladeangleofattack,andthereduction
ofrotationalspeed.

Combineddeflections.-WithintheMnitationsimposedbyblade
stalling,theaccelerationsresultingfrancmnbinedcyclic-and
collective-pitchchangestendtobe additive,themaximumvaluesOccurring
whencollectivepitchisaddedattheth ofpeakaccelerationdueto
cyclicpitch(fig.8(a)).Whenthecontrolswhichproducecollective-
=d cyclic-pitchchangesaremovedstiultaneously,as infigure8(b),the
resultingaccelerationdoesnotreachaslargea valueaswhenapplica-
tionofthecollectivepitchis delayedfor1 or2 seconds.Inthepres-
entinvestigationthelargestloads,asa group,werefoundtobe the
resultofcyclic-pitchpull-upsfolluweda shortlimelaterby increased
collectivepitch.Thisphasingofcontrolmotionwouldappearto corre-
spondtoa maneuverlikelytobe encounteredinactualoperation,for
example,inlandingflaresfromautorotationalapproachesorduringavoid-
anceofsuddenlyseenobstacles.

Pull-upsfromadivingattitude.- Ina cyclic-pitchpulL-upfrcm
levelflight,theresultingupwardinclinationofthef13.ghtpathcauses

.

a lossinairspeed;also,thechangeinthedirectionofgravityforce
withrespecttoaircraftaxesresultsinanincreaseinthepitching
velocityrequiredtomaintaina givennormalacceleration.Bothofthese
changesaCttoreducetheloadfactorobtained.Withthesefactorsin
minditwasthoughtthata maneuverwhereinthehelicopterwasina

.
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diving attitudepriortothe
attitudesandthusmakehigh

7

pull-upwouldresultin smallernose-up
loadfactorsmorereadilyobtainable.Such

a maneuverhasbeens~sted as oneofthemostlikelysourcesofhigh
loadfactorsinactualoperations.Forexample,if a nose-downattitude
occurswhilethepilot’sattentionisdistractedby navigationalduties,
thenuponnotingthattheairspeedisintheprocessofexceedingthe
red-linevalue,hemaypuM.up abruptlytopreventfurtherexceedingthe
placardairspeed.Thetestmaneuversactuallymade,althoughproducing
highloadfactors,involvedratherhprobablenose-downattitudes(see
tableI). Thesemaneuvers,however,werestatedat approximately
50milesperhour,andsimilarmaneuversstartednear V_ wofld
involvemuchsmaller attitudechangesfora givenloadfactor.

Jumptake-offs.-Loadfactorsgreaterthan2were obtainedinjump
take-offsforbothhelicopters,whenunumallyrapiddeflectionswere
made. Examinationoftheproblemindicatesthattheattainableload
factorwouldtendto increaseinproportiontothesquareoftherotor
rotationalspeed.Therefore,if,ina particulardesign,considerable
rotoroverspendwereallowedinordertopermitmoreeffectivejump
take-off,theresultingincreaseinattainableloadfactorshouldbe
considered.

Maneuversinautorotation.-TableI showsthatthehighestload
factorswereobtainedinautorotation.Theplacardrotorspeedishigher
forautorotationthanforpower-onfllght,andtheresultinguseof
higherrotational.speedsisfelttobe theprs reasonforthehigher
accelerationvalues.An additionalfactoristhatgreatercollective-
pitchrange,frantrimtotheupperstop,isavailableinautorotition.

b Also,in contrastwithtechniquessometdmesenployedinautorotitive
load-factortrials,theenginewasleftrunningandhence,becauseof
theactionofthesynchronizingcan,provl.dedconsiderablepowerwhen.
thepitchleverwasraised.Thus,formaneuversfmn autorotitionwhich
includeduseofcollectimpitch,therotorspeedwashigherforthis
techniquethanwouldbetruewitha stoppedengine.SincemanyI&mding
approachesaremadewithpowersettingsat ornearthatforautorotation,
butwiththeenginestilloperative,theprocedureusedis considered
appropriate.

PredictabilityofLoadFactors

Collective-pitchmaneuvers.-Theaccelerationincrementsresulting
fromsuddencollective-pitchincreasesat differentairspeedsarecom-
paredinfigure&with theoreticalvaluesobtainedwiththeaidof
figurel(a)ofreference1. Aspredictedby thetheory,theincremen~
loadfactorincreasesmoderatel.ywithspeedfora givenmount of
collective-pitchchange.

—. _—-—.—— -———-—. ——. . . —————
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Cyclic-pitchmaneuvers.-Predictionoftheloadfactorreachedin
a cyclic-pitchmaneuverismuchmoreinvolvedsincetheangle-of-attack
stabilityanddampinginpitchofthehelicopter,aswellas itsinertia,
mustbe considered.Thesefactorsarenotknown,forthesubjectheli-

.

copters,to a sufficientdegreeofaccuracytowarrantspecificcompari-
sonwiththeory.Itmaybe noted,however,that,infigures7 and9 of
reference2,reasonableagreementbetweentheoryandexperimentisindi-
catedforthemildpull-upstudiedtherein.Inaddition,theexperi-
mentaltrendofload-factorincrementwithairspeedshowninfigure9 of
thispaperisinkeepingwiththetheoreticalvariationwithtip-speed
ratioofthrustcoefficientperunitangle-of-attackchsmge,as shownin
figurel(a)ofreference1; thatis,theload-factorincrementincreases
somewhatfasterthanifitwereindirectproportiontotheairspeed.

Msximmnattainableloadfactors.-If extremelytransient,orvibra-
tory,effectsareassumednegligibleorleftforseparateconsideration,
thenthemaximumpossiblerotorthrustcannotexceedthemlue ccmputed
by assmingallbladesectionstobe operatingat c2max“ Themaximum

loadfactorattainablewillbe theratioofthisthrustto thetrim
thrust,or (approxhxately)theratioof cl- to trimmeanliftcoef-

ficient@Zt. A morepreciserelationshipisdevelopedintheappendix,

wherethechoiceofthevalueof CZH isalsodiscussed.

b figure10,thetheoreticalmaximumloadfactorsforhelicoptersA
aridB areshownasa functionofthetrimmeanrotor-bladeliftcoeffi-
cient.Forcomparison,flight-testvaluesforthemoreseveremaneuvers
arealsoshowninthisfigure.Thesecurvesarebasedonthefoldowing
shpl.ifiedversionofformula(Al)oftheappendix:

where ao istheconing

valuesattimeof &

angle andthesubscriptsn and t denote

andattrticondition,respectiwly.

It shouldbenotedthatrotationalspeedandtip-speedratiohave
beenassumedconstantduringthemaneuver.Thetip-lossfactorB,
whichisusedin cmputingboth 52 andtheconingangles,wastaken

as0.97.

I!rmnexaminationoffigure10,itisetidentthattheflightvalues -
approachthetheoreticalmaximumsinmanyinstances.Loadfactorscal-
culatedonthebasisthat cZ- isattainedonau bladesections
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wouldthereforebe a realisticindicationofthemaxhumlimitstobe
expectedinflight.

Inturn,theuseofformulassuchas (1)and(Al)forthepurpose
ofestimatingtheprobableeffectsof changesin designparameters
appearsjustified.Forexample,thetheoretical.curvesoffigure10
indicatethat,forcaseswherethetiimmeanliftcoefficientis small,
thereisa possibili@ofreachingv&y largeaccelerations.Thisparam-
eter Elt islikelytobe smallforhigh-speedhelicopters,inasmuchas

smallvaluesaidinreducingretreating-bladestalling.Conversely,
wherethetrtimeanliftcoefficientislarge,asmaybe thecasefor
sometypesof load-lifting,low-speedhelicopters,lowermaximumaccel-
erationvalueswouldbe expected.

Change ofrotorrotationalspeedduringmaneuvers.-Theassmnption
of constantrotationalspeedusedinthecomparisonjustpresentedwar-
rantssomediscussion.Theresultsoffigure10 indicatethisassump-
tiontobe adequateforexploringtheeffectofdesignchangeson obtain-
ableloadfactors;apparently,thechangesinrotationalspeedwhichdo
occurtendto compensateforthedeviationsfrom c1 winchm~t

max
surelyoccuroversomeportionsoftherotordisk.Forsomepurposes,
however(includingpredictionof centrifugalstressesaswellas for
estimationof loadfactorsforunconventionaldesigns),considerationof
rotational-speedchangeduringthemaneuverwillbe huportant.

Themannerinwhichrotorrotationalspeedvariesduringthesev-
eraltypesofmaneuvermaybe notedforsamplecasesinfigures6, 7,
and8. TableIIliststhemagnitudeof therotational-speedchanges
recordedforhelicopterB. No instantaneousvaluesofrotationalspeed
wereobtainedforhelicopterA, butfromestimatesbasedonthevibratory
cmponentsonvariousrecords,thespreadofvaluesappearstobe similar
tothatshownforhelicopterB; thatis,approximatelyO-to 8-percent
increase.

It shouldbe pointedoutthatthe“trim”rotationalspeedasused
hereisthemeasuredvaluejustpriorto a specificmaneuver.Itappears
unconservativeto assume(asis sometimesdone)thatinpracticethe
rotationalspeedat thestartofa pull-upmaneuverwillnotbe greater
thantherecommendedoperatingvalue.Inanemergency,orwheneffecting
recoveryfromtheeffectsofa gustorotherinadvertentdisturbance,
thepilotcannotgivehisattentionto adjustmentofrotorspeed,nor
canhepermitrotational-speedc~eS to diCtitehisactibns.(A
pertinentcaseis themaneuvershowninfig.3 ofref.3. In tms
maneuver,whichrequiredunusticorrectiveaction,therotationalspeed
wentabovetheplacardMt. A studyoftheoriginalrecordsshowed
thata 13-percentincreaseinrotationalspeedoccurredinthisinstance.)

Someadditionalinformationisalsoavailablefromvariousstabil-
itystudies(suchasthoseofref.3). Therotational-speedchanges

—— — ——— .—
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duringrelativelymildmaneuversarefoundtobemuchlargerper g
thanfortheseveremaneuversoftableII;specifically,recordsof
pull-upsandlong-periodoscillationsshowtypicalincreasesof2 to
4 percentfor +g accelerationincrements.Thelargestincrease
noted(withoutchangein collectivepitchorthrottle)was12percent;
thisvalueoccurredduringa simulatedlandingflarewithonly
0.22gaccelerationincrement.

Inviewofthedependenceonpilotingproceduretogetherwiththe
nonlinearvariationsofrotationalspeedwithaccelerationincrement,a
statisticalapproachto thepredictionofrotational-speedincreaseshould
be appropriate.Inturn,itappearsthata surveyof operatingrota-
tionalspeedsin conjunctionwiththepreviouslymentionedinstallations
ofNACAhelicopterVGHrecorderswouldbe appropriate.

DesignLimitLoadFactors

fiesentvalues.-Themostcmmnonvaluescurrentlyemployedby
designersforthepositivelimitloadfactorappeartorangebetween
2.5smd3.O. Valuesashighas3.5andas lowas 2.0areeitherinuse
orat leastunderseriousconsideration.It isof interestto compare
thepresentresultswiththesevalues.

As shownintableI,loadfactorsof 2.5or slightlyhighercanbe
attainedwithoutunduedifficul~by severaldifferenttestmaneuvers.
Thisvalueof2.5hasalsobeencloselyapproachedintheactualtraining
operationsthathavebeensampled.Exceedinga valueof3.5 appearsto
be impossiblewithtypicalpresentdayhelicoptersunlesstheplacard
rotational-speedMmit ismateriallyexceededandimprobableunlessboth
rotationalspeedandairspeedplacardlimitsareexceeded.

Gustloads,incidentally,appearlesscriticalthanmaneuverloads
insofaraspresentload-factorMmits areconcerned.Inapproximately
500hoursofair-mailandpilottraMng operations,thelargestgust
loadfactor,aspreviouslymentioned,was1.88(incrementalvalueof
0.88),andcalculationsindicatethata gustvelocityofabout60feet
persecond(twicetheusualdesignvalue)wouldbe requiredto reacha
loadfactorof2.5forhelicopterA.

Futuretrends.-Aspreviouslymentioned,high-speedhelicoptersare
likelyto operateatmateriallylowerrotor-blademeanliftcoefficients
inorderto avoidstalling;thus,theratiobetweenmaximumandtrim
valuesof liftcoefficientwouldbe increasedandsimilsrly,theavail-
ableloadfactor.Also,as speedis increased,a givenrotorangle-of-
attackchangeproducesa largerthrustincrement,sothatb.rgeload
factorsmaybe reachedwithoutthelargeattitudechangenowinvolved
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inthecaseof cyclicpull-ups.Thatunorthodoxconfigurationscan
causehigherloadfactorsisillustratedby thenormal-acceleration
valueof4.3gwhichwasreportedinreference4 fora fixed-wingauto-
giro. Thus,high-speedhelicoptersandunorthodoxconfigurationsmay
leadtotheuseof eitherincreaseddesignloadfactorsor somemeans
ofartificiallylimitingmaneuverloads.

ArtificialMmitationof loadfactors.-Particukrlyinthecase
ofhelicopterswhichdonotrequiregreatmaneuverability,suchas cer-
taincargoandload-lifterdesigns,itmaybe possibleto effectimpor-
tantsavingsinstructuralweightby artificiallylimitingtheloadfac-
torswhichmaybe prcducedby pilotaction.IX’sucha procedureproves
desirable,thenfromconsiderationof thepresentstudythefollowing
itemsappeartobe amongthosetobe considered:

(a)Automaticregulationofrotorrotationalspeed,toprevent
inadvertentlyincreasedvalueswhichinturnresultin,oratleast
permit,obtaininggreaterloadfactors.

(b)Limits(suchasby nonlinesx@npers) to therateof changeof
collectivepitch.If conflictoccurredwithquickentryintoautorota-
tion,thislimitationcouldbe appliedintheupwarddirectiononly.

(c)Introductionofcontrol-forcegradientsperinchandperg.
Suchvalueswouldbe limitedby flying-qualitiesconsiderationsand
wouldperhapsbe nonlinearinnature.Thisprocedureassumesincorpo-
rationofadequatemaneuveringstability,inasmuchas a helicopter
lackingin suchstabilitymayexhibitdangerousstick-fixeddivergences
(ref.3).

Negativeloadfactor9.-Saneresultsof deliberateattemptsat
obtainingnegativeloadfactorsarereportedinreference5. Pushover
maneuversina single-rotorhelicopterresultedina minimumaccelera-
tionof0.07g,atwhichpointthebladesbeganhittingthestops.No
attemptwasmade,inthetestsreportedherein,toproducenegativeload
factors.It isfeltthattherelativelysmallnegativevaluesincur-
rentuseareseldomcriticalinthedesignofa givenpart,whenallof
itsfunctionsareconsidered.Maneuversproducingnegativeloadfactors
arenotlikelytobe deliberatelyindulgedin,withcurrenthelicopter
designsat least,becauseofthelikelihoodofthebladeshittingthe
fuselageandbecausecontrolmomentsarereversedduringnegativeaccel-
erations.(Thisreversalispostponedsomewhatwithoffset-hinge
designs;forexample,witha flapping-hingeoffsetof 3 percentofthe
bladeradiusandtypicalhelicopterproportions,thereversalwilloccur

,,

.—— -. —.— -— ——
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at a loadfactorofappro-tely -0.7.)Thepresenceoflittleorno
negativecollective-pitchrangefurtherrestrictssuchmaneuvers.

Whiledeliberatemaneuversproducingnegativeloadfactorsappear
umlikely,thechancesof encounteringa downgustwhichcouldcausean
accelerationincrementof -1.~gand,hence,a loadfactorof -0.5appear
aboutasgreatasthechancesofanup gustcausingan incrementof1.5g,
sincea givennegativegustvalueoccwsabouias oftenasa givenposi-
tivegusttiue (ref.6).

Sincegustsandinadvertentmaneuversappeartobe themoreprobable
sourcesfornegativeaccelerations,theaccwnulationofdataunderactual
operatingconditionsisofpartic~ interest.At thepresentthe, the
lowestnormal-accelerationvaluesobtainedfromthepreviouslymentioned
installationsofNACAhelicopterVGHrecordershavebeenO tid0.3g
(incrementalvaluesof -1.Ogand-O.7g)forthepilottrainingandair-
mailoperations,respectively.Sincethesamplingrepresentedis
extremelylimitedfroma statisticalpointofview,suchinst.dlations
arebeingcontinued.

In contrastto thecaseofpositiveaccelerations,thelimitation
onnegativeloadfactorsprovidedby thereachingofmaximumnegative

C%ax
on&llbladesectionsisoflittlepracticalinterest.The

stallMmitation,forexample,maypermitaccelerationsofO * 2.5gfor
a casewheretherequirementscallfor1 g * 1.5g(thatis,2.5g ~d
-0.sg), so

considered
thatthenegativestalllimitis2gbeyondths&signVal-ws
necessary.

CONCLUSIONS

Onthebasisoffkl.ghttestsoftwosingle-rotorhelicopters,plus
Mmitedadditionaldataobtainedfrmmilltarypilottrainingandcmn-
mercial.air-mailoperations,thefollowingconclusionsaremade:

1.Theconceptthatflightloadfactorsarelhitedtothevalue
thatwouldbecmnputedbyassumingallbladesectionstobe operatimg
atmaximumliftcoefficientagreedwellwithflight-testsresults.This
assmnptionthusprovidesa convenientmethodofestimating,fornew
designs,the~um obtainableloadfactorsforanygivenflight
condition.

2.FM.ghtloadfactorsoftheorderof2.5maybe obtainedbyheli-
coptersofthetypetestedbymeansof severaldifferentmaneuvers.
Thisvalueof2.5hasalsobeenapproachedundertheactualoperating
conditionsthathavebeensampled.
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3. Futuredesignscapableofhigherspeedswilltendtoexperience
materiallyhigherdesignloadfactors.

4.Withinthelimitationsindicatedbyconclusion1, accelerations
dueto cyclicandcollectivecontrolareapproximatelyadditiveif suita-
blyphased.Thelargestflightloads,asa group,resultedfrmncyclic
pull-upsfollowedinabout2 secondsby increasedcollectivepitch.

LangleyAeronauticalLaboratory,
NationalAdtisoryCcmmd.tteeforAeronautics,

LangleyField,Vs.,May14,1953.

~— --
—... —. —— -.———
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APPENDIX

SIGND?ICANCEOFMEANliEl?lCOEFFICIXNT

RelationBetweenLoadFactorandMeanI&f%Coefficient

In the sectionon ‘!MaxtmmAttainableLoadFactors,” theratio
to E2 wastiscussedasanapproximationtothemaximm

t
attdnableloadfactor.A morepreciserelation,as derivedfromthe
def~ti~ of CT =d 5Z (seesection“S@bol.s”) andagainM ~h

istakenequalto c
&’ ‘s

where

ao coningangle

subscripts:

n valuesattti of~

t valuesattrimcondition

Theratioinvolvingu issignificantonlyforcasesinvolving
bothhightip-speedratiosandmaterialchangeintip-speedratio
duringthemaneuverandisessentiallyequaltounityforthepresent
study. Theterminvolvingconinganglesisofrathersecon~ @or-
tanceintypicalcases,butthetrimValueof ao isUS-Y ~~
andcaninanycasebe readilyestimated,whereasthevalueatthetime
of * is,forpracticalpurposes,

Cz%n=+-%t
‘t
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sothatthistermoffersno clifficulty.Fora firstapproximationfor
conventionaldesigns,theremainingterm(thatinvolvingtheratioof
rotationalspeeds) canbe takenasunity;thepossibilityofsignificant
rotational-speedchangeshasalreadybeendiscussed.

A samplecasewithvalueswe~ withintherangeofcurrentpractice
isasfollows:Thevalueoftip-speedratio v istakentobe 0.25,
m“dthechangeduringthemaneuverisassmedtobe lessthan0.05.If,
inaddition,thefollowingvaluesareassumed:

CLnax‘ 1“2
aot= 5°

then,theconingangleat ~ is

therefore,

03

( ‘)
& ‘ * (1)(1)2 ‘::sl;: = 2.67 (0.93) = 2.5

RelxrbionBetween~1 and CT

Sincemanydesignersmaybemoreaccustmedtothinkingintermsof
valuesofthrustcoefficientthanvaluesofmeanliftcoefficient,it
maybewell.topointoutthatin spiteoftheratherlengthydefinition
of 5Z it canbementallyestimatedwithfairaccuracy,forconven-
tional.designsatleast,fromthevalueof CT. Forexsmple,for

P = 0.25 and B = 0.97,

.—-— .....— —— .-. ——- —
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6CT61 .—~
a 0.913+ O.cgl - 0.006

sothata negligibleerrorwouldresultfrmntheuseof 6c#Y without

the B and v terms.Forhovering,andagainfor p = 0.4,the
errorbecomesabout10percent,whichmaybe acceptablefora rapid
estimation.Thus,forthefrequentlyusedvalueof u of0.06,
67- 10~T, fortip-speedratiosfrmnO to 0.4.

ChoiceofValuefor cZ-

Thetheory-e~erimentcomparisonpresentedinfigure10required
a choiceofvaluesfOr.5eCtiOnCz- forusewithequation(l). Ref-

erence7 containsdataon sectioncharacteristicsofpractical-
constructionrotor-bladesections,as obtainedinstatictwo-dimensional
wind-tunneltests.IYoma studyofthesedataa valueof CZH of 1.2

waschosenasbeingreasonablyrepresentativefortheactualbladepro-
filesofbothofthetesthelicopters.
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‘I!AELEI

MAXIMUMLOADIACTORSANDCORRESPONDING

FLIGHTCONDITIONS

Maneuver loadfactor Flightcondition

HelicopterA

JUMPtake-off
Cyclic-pitchpti-llp
Cyclic-pitchpti-~
Cyclic-pitchpti-lQ

Collective-pitchpull-~
Collective-pitchpull-up
CombinedCyC~C-and
collective-pitchpull-up

Combinedcyclic-and
collective-pitchpull-up

2.16
2.38
2.55
2.52

2.18
2.60
2.18

2.68

------ ------------ ------ ----

Levelflightat85mph
Autorotationat 80mph
50°diveinautorotation;
maximmairspeed,approxi-
mately75mph
Levelflightat90mph
Autorotitionat 80~h
Levelflightat50mph;col-
lectivepitchap@iedabout
1~ secondsafter cycldc2
Autorotationat50mph;col-
lectivepitchappliedabout
1~secondsaftercyclic
2

HelicopterB

Jumptake-off 2.22 --------_-------------
Cyclic-pitchpti-~ l.go Levelflightat 85mph
Collective-pitchpull-up 1.93 Levelflightat 50mph
Combinedcyclic-and 2.30 Levelflightat 65mph
collective-pitchpuU-up

‘=5$=
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.

P

TABLEII

R~R-SPIIEOINCREMEATMAXIMUMIQADFACTOR

C%licopterB]

Airspeed, Maneuver Maximmload 5mph factorreached f%

6 1.52 1.04
n Jumptake-off 1.52 1.05
0 2.22 1.03

50 Collective-pitchpull-up 1.93 1.00

71 Collective-pitchpull-up
inautorotation 1.56 1.08

45 1.22
46

1.02
1.23

:~
1.02

1.30 1.01
1.40

88
1.02

Cycilc-pitchpti-~ 1.50 1.03
70 1.55
87

1.04
1.55

85
1.01

1.55
85

1.02
l.go 1.0!3

41
46

1.80 1.01
C(mibinedC-C- and 1.95 1.04

collective-pitchpull-ups 2.00 1.02
~ 2.04 1.05

2.30 1.04

—. -—. ——. —_.——_ ——
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Longitudinaldisplacement
ofcontrolstickfrom
trim,in.

:2b
(a)HelicopterA.

Normalacceleration,g
~~-J ,

0 2 4 d
Time,8ec

-2PLongitudi~aldisplacement2
ofcontrolstickfrom
trim,in.

.2.0

Normalacceleration,g 1.0

220
Rotorspeed,rpm

200

Longitudinaldisplacement2
ofcontrolstickfrom
trim,in. o

% ‘b)HelicOp
1 1 I

o 4 8 12
Time,sec

1*5

Normalacceleration,g 1.0-=”
1 I I I
o 2 4 6

Time,sec

Yigure6.- Timehistoriesoftypicalcyclic-pitchpull-upsforthree
helicopters.
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4
Collective-pitchchange,

deg
mo-

2.0

Normalacceleration,g 1.0
w
I 1 (
o 2 4

Time,sec

Collective-pitchchange,
deg .:&

Normalacceleration,g

~~k
2q.o

Rotorspeed,rpm
220

Collective-pitchchange, 2
deg

o

(a)HelicopterA.

~ ‘b)Hel’cOp’

Normalacceleration,g

~~kndem=”
o 2 4

Time,sec

Figure7.- Timehistoriesof-@_picalcollective-pitchpull-upsforthree
helicopters.
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2.0

Normalacceleration,g
1*O

4
LongitudinaldisplacementO
of cyclic-controlstick
fromtrim,in. -4

4
Collective-pitchchange,

deg o

240

Rotorspeed,rpm

220 o 4 8
Time,sec

(a)Longitudinalcyclicpitchfollowedby collectivepitch.

1*O*

Normalacceleration,g 200

. ‘Longitudinaldisplacement4 -
of cyclic-controlstick
fromtrim,in. o

-4-

Collective-pitchchange,
deg

Rotorspeed,rpm

.

Time, sec
cyclic-pitchand collective-pitchchange.(b)Simultaneous1>

Figure8.- Timehistoriesoftwopull-upsusingcombinedcyclicand
collectivepitch.HelicopterB.
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